ABSTRACT: A theoretical analysis and the results of the experimental verification of the adsorption-desorption process for ethanol dehydration are presented. This adsorption-desorption process is applied in industrial installations for the production of dehydrated ethanol as a fuel additive.
INTRODUCTION
One of the most important and most often applied biofuels is (bio)ethanol. Recently, a substantial increase in bioethanol production has been observed. The major producers of bioethanol are in the U. Using bioethanol instead of gasoline as a fuel would substantially reduce net emissions of carbon dioxide, since the amount of carbon dioxide released during the production and combustion of ethanol fuel is equivalent to the amount of carbon dioxide bound into the replanted biomass.
World ethanol production is forecast to increase because of the necessity to limit the emissions of greenhouse gases in many countries around the world. Countries that have ratified the Kyoto Protocol (1997) must reduce the emission of greenhouse gases by ca. 5% compared to their emission level in 1990.
The process for producing ethanol can be divided into two major steps. The first is the fermentation of carbohydrates, saccharified in aqueous suspensions. This produces a broth containing about 10% ethanol. The second step is product recovery, which includes the separation of the ethanol from most of the water and the purification of the ethanol concentrate to remove the remainder of the water.
Nowadays, only the three following methods are used commercially for ethanol dehydration:
• azeotropic distillation; • adsorption; • pervaporation.
Adsorption methods are most common. Adsorption can be carried out in either the gaseous or liquid phase (Kupiec et al. 2002) . After adsorption in the liquid phase, the adsorbent is regenerated thermally. Gabrus (2003) determined the breakthrough curves for the dehydration of liquid ethanol/water mixtures by passing the mixture through a column filled with 3A zeolite. In order to analyse the results it was assumed that a linear equilibrium was applicable, thereby allowing an analytical solution to the adsorption process in the column. Mijovic et al. (1997) achieved ethanol dehydration in the liquid phase using the adsorption column in a laboratory scale set-up. After adsorption, the zeolite 3A was regenerated by means of a dry air flow passed in a counter-current direction to the ethanol flow. Finally, Tihmillioglu and Ulku (1996) presented a comparison between ethanol dehydration in the liquid phase on clinoptilolite (natural zeolite) and synthetic zeolite type 4A. Most often, ethanol dehydration by adsorption process is carried out in the vapour phase. In early experiments, natural adsorbents made from plants were used. Thus, Ladish et al. (1984) described an experiment using corn grains as the adsorbent for ethanol/water vapour mixtures where the adsorbent bed was regenerated by treatment with air or nitrogen at 80-120°C. Similar research has been described recently by Chang et al. (2006) .
Pressure-swing methods (PSA or VSA processes) are those most favoured for adsorbent regeneration after gas-phase adsorption processes (Sircar 2002; Ginder 1983 ). However, it should be noted that the pressure-swing process displays many advantages over a temperature-swing adsorption process. Carmo and Gubulin (2002) have undertaken studies on the separation of ethanol/water mixtures by PSA processes. Based on their experimental results, they have established an empirical model for the process as well as optimising the process itself. Similarly, Guan and Hu (2003) have described a PSA method for ethanol dehydration using a one-column unit. A solution containing 93.5 wt% ethanol was used in their experiments; the feed stream pressure was in the range 0.2-0.5 MPa while the process temperature was in the range 120-150°C. When the feed stream pressure was maintained at 0.35 MPa, the resulting ethanol output was 99.9% pure. The mathematical model developed for the process was based on an electrical circuit analogue. Boldis et al. (2002) have compared the ethanol dehydration process on 3A-type zeolite (a synthetic adsorbent) with that on clinoptilolite (a natural zeolite), employing a feed concentration of ethanol close to its azeotropic concentration. The dehydration process was carried out under two regimes: adiabatic and isothermal conditions. On the basis of the experimental data, the corresponding concentration and temperature breakthrough curves were determined. All the experiments were conducted employing a column with a 28 mm internal diameter. It was found that breakthrough on the clinoptilolite bed occurred earlier than with the 3A-type zeolite bed since clinoptilolite exhibited a lower adsorption capacity than the zeolite.
In our earlier paper (Kupiec et al. 2003) , we presented data related to the adsorption of water vapour from ethanol/water mixtures on 3A-type zeolite. The aim of the work described herein is to extend that study to adsorption-desorption cycles conducted by pressure-swing methods. Thus, experimental studies of the adsorption-desorption cycles have been performed employing a laboratory-scale installation and the resulting data have been analysed theoretically in order to formulate a detailed mathematical model for the process. The results of the process simulations using the model so developed have been compared with the experimental data in order to verify the accuracy of the model. The developed mathematical model and related software can be utilised for the optimisation of the dehydration process.
EXPERIMENTAL
Two series of experimental runs have been undertaken:
• In the first series, the adsorption-desorption process was investigated (i.e. after the adsorption step, a following desorption step was performed without removing the adsorbent pellets from the column). The final water content profile in the bed was taken as the initial profile for the next step. As a consequence, the laboratory-scale process corresponded to a commercial-scale adsorption-desorption process. The disadvantage of such approach was that it was impossible to measure the water content in the bed after each process step.
• The water content in the bed was measured in the second series of experiments. In order to do so, the adsorbent pellets were removed from the column after each step and weighed. However, by removing the adsorbent, the water content profiles in the bed after particular steps were destroyed. As it was impossible to restore the profiles after the subsequent adsorbent loading, the adsorbent pellets were mixed together in order to build such a profile (i.e. a flat profile) of the water content in the bed capable of being described by the initial-state condition in the mathematical model of the process.
The experiments were performed employing the installation depicted schematically in Figure 1 . The main part of the installation was a vertical glass adsorbent column (1) with a heating jacket (2). The column was filled with spherical adsorbent particles (Sylobead 3A Molecular Sieve) with an average diameter of 2.26 mm. The column diameter was 13.6 mm and the adsorbent bed length was 293 mm. Steam under atmospheric pressure was passed through the heating jacket of the column, thereby stabilising the column temperature at 100°C. The pressure below and above the adsorbent bed was measured using the U-tube manometers (3 and 4) filled with mercury. The following processes occurred in the column:
Adsorption
During adsorption, the column was fed with an ethanol/water vapour stream obtained by vaporisation of the corresponding liquid mixture containing 88.45 wt% ethanol, which was stored in the vessel (5). The column was fed from above using the pump (6). Valves z1 and z2 were open when valve z3 was closed. A vapouriser (7) was installed in order to vaporise the liquid mixture. During the flow of the mixture through the adsorbent bed, the water vapour was adsorbed. The dehydrated ethanol was obtained at the bottom of the column, where it was liquefied in the condenser (8) and then analysed chromatographically. Details regarding the feed evaporation, the vapour distribution at the inlet side of the column and the chromatographic analysis are given elsewhere (Kupiec et al. 2003) .
Vacuum desorption
Vacuum desorption is the first step in the regeneration of the adsorbent bed. During this step the pressure was reduced to ca. 9 mmHg. This was achieved using a vacuum pump connected to the upper part of the column, with the valves z1, z2 and z3 being closed. The gaseous phase leaving the column was enriched in water vapour desorbed from the adsorbent particles due to the reduction of pressure.
Purge
The next step in the bed regeneration process was purge. During purge, pure ethanol vapour flowed from the bottom of the column upwards under low-pressure conditions. This was achieved 212 K. Kupiec et al./Adsorption Science & Technology Vol. 26 No. 3 2008 6, pump; 7, vapouriser; 8, condenser; 9, dehydration ethanol reservoir; 10, ice vessel; 11, thermometer. by connecting a vacuum pump to the upper part of the column and a spherical vessel (9) filled with liquid ethanol to the bottom of the column. The vessel (9) was immersed in a bath (10) filled with melting ice. In this manner, it was possible to control the amount of ethanol used for the purge. The temperature of the boiling ethanol was measured using the thermometer (11). During purge, the valves z1 and z2 were closed while the valve z3 was open and the ethanol vapour flowing through the bed caused desorption of water from the adsorbent particles. After the purge step, the vacuum pump was turn off and the adsorption-vacuum desorptionpurge cycle was repeated once more.
In these experiments, besides measuring the water concentration in the gaseous phase at the column outlet, it was also possible to measure the mean water concentration in the adsorbent pellets. In the first series of runs, this measurement was performed in the last cycle (i.e. after the adsorption step in the third cycle), while in the second series measurements were made after the end of each step. In order to do so, the adsorbent was transferred from the column to a sealed vessel and, after cooling to room temperature, its mass was determined. All these operations were undertaken with care to avoid contact between the adsorbent and water vapour from the atmosphere.
MATHEMATICAL MODEL
The following assumptions have been made in modelling the PSA process:
-only one component is adsorbed from the ethanol/water vapour mixture (i.e. water); -the ideal gas laws are applicable to the studied mixture; -the process consists of three steps: adsorption, vacuum desorption and purge; -during adsorption, the column is fed at z = 0 where the pressure is equal to P H ( Figure 2) ; -during vacuum desorption, the pressure at z = 0 is equal to P L (P L < P H ) ( Figure 2) ; -during purge, the pressure at z = L is determined by the saturated vapour pressure of the purging agent; -the pressure drop on the column packing follows the Ergun equation; -the adsorption equilibrium follows the Dubinin-Raduschkevich (D-R) equation; -the mass-transfer resistance in the gaseous phase is negligible; -the dispersion effects in the gas stream are negligible; -the adsorbent pellets are spherical; -the process is isothermal; -mass transfer inside the pellet can be described by the homogeneous diffusion masstransfer model; and -mass-transfer kinetics within the pellets can be described by the Linear Driving Force (LDF) model.
According to the above-mentioned assumptions, the following model equations are applicable. The overall material balance equation (Ruthven 1984; Ruthven et al. 1994 ):
(1)
The water material balance equation:
Momentum balance:
where the pressure gradient is described by the Ergun equation:
The adsorption equilibrium is expressed by the D-R equation:
The following LDF equation is utilized for the description of the mass-transfer rate:
Solution of the balance equations requires a knowledge of the state of the column before the start-up of the process and at the beginning of each process step. For start-up, it has been assumed that the bed was clean, which gives the initial conditions as:
For the first series of experiments, at the beginning of each step the concentration profiles in the gaseous and adsorbed phases along the bed remain the same as those at the end of the 
• preceding step. The initial conditions for the adsorption step result from the end of the purge step:
For the second series of experiments, the initial conditions have a different form. Thus, equalisation of the water content profile in the bed caused by mixing the adsorbent pellets should be taken into account:
The boundary conditions for the adsorption step are determined by the conditions of the feed (Figure 2 ):
The initial conditions for the vacuum desorption step result from the system state at the end of the adsorption step:
For the second series of experiments, the initial conditions for the vacuum desorption take the following form:
The boundary conditions for the vacuum desorption step are as follows (Figure 2 ):
The initial conditions for the purge step result from the system state at the end of the vacuum desorption step:
Due to adsorbent pellet mixing, the following conditions are valid in the second series of experiments runs instead of conditions (12):
The boundary conditions for the purge step are determined by the conditions that describe the feed of the purging agent (Figure 2 ): The values of qm in equations (8′), (10′) and (12′) result from the average water content in all the adsorbent pellets after the end of the previous step. The initial values of y mol (equal to zero) in equations (8′), (10′) and (12′) result from the fact that each consecutive step does not start immediately after the end of the preceding step.
The finite difference method was applied for the numerical solution of the model equations. A boundary value problem arises in the case of the vacuum desorption step. This problem was solved using an iteration process.
MODEL PARAMETERS
All the parameters that appear in the mathematical model of the process must be known in order to perform simulations. These parameters involve the physical parameters of the adsorbent and the feed as well as the equilibrium and kinetic constants of the adsorption process. Other important parameters are as follows: the set-up geometry, the run time of particular steps, the temperature, the pressure, the feed rate and the feed composition at the column inlet. The parameters used for the numerical simulation are listed in Table 1 .
Our own experimental data have been applied in order to determine the constants in the D-R equation. The following values have been determined: q ms = 0.198 kg/kg, b = 2.33 × 10 -7 K -2 . The experimental set-up for determining the adsorption kinetics has been described previously (Kupiec et al. 2004) . In this study, the diffusion time constant for water into 3A zeolite pellets (t D ) was obtained as 1290 s.
The bed porosity was calculated from:
where the cross-sectional area of the bed (S) was equal to 1.45 × 10 -4 m 2 . The superficial gas velocities u 0 and u 1 were calculated from:
The respective feed mass (m) and the flow time (t) values corresponding to the adsorption or purge step were taken, while the gas density was calculated from: (16) where M is the molar mass of the mixture:
The mole fractions of water in the feed (y mol0 ) and in the purge agent (y mol1 ) were determined chromatographically. The equilibrium water content of the pellets was calculated on the basis of equation (5). 
DISCUSSION OF RESULTS
The experimental results (symbols) and solution of the mathematical model (solid line) are depicted in Figure 3 and 4. These results relate to the first series of experimental runs.
It is evident from Figure 3 that, after each consecutive adsorption step in the subsequent cycles, the average water content in the bed 〈q -m 〉 gradually increased. After the adsorption step in the third cycle, the bed was almost completely saturated and bed breakthrough occurred (this is discussed further below).
It is important to note that breakthrough of the bed is not allowed in industrial practice, since this would lead to a decrease in the process efficiency and diminished product quality. In the present study, however, the process was deliberately performed in such a way as to achieve bed breakthrough. Such an approach allowed the collection of more data concerning the process dynamics. Perry et al. (1997) . b Kupiec et al. (2004) .
From Figure 3 , it is also evident that a substantial amount of water was desorbed during the vacuum desorption step. Although the desorption time was three-times smaller than the purge time, the amounts of water desorbed during these two steps were comparable. Figure 3 also shows that the mass-transfer rate -which is characterised by the slope of the curve -decreased as soon as the end of the vacuum desorption step was reached. The time of this step could be shortened without any change in the amount of water desorbed.
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K. Kupiec et al./Adsorption Science & Technology Vol. 26 No. 3 2008 The measurements were stopped after 13 500 s, corresponding to two full adsorption-vacuum desorption-purge cycles and the adsorption step of the third cycle. The bed mass was measured and the average water concentration in the bed was evaluated, the latter being indicated by a star in Figure 3 . It will be seen that there was good agreement between the experimental value (q m = 0.176 kg/kg) and the numerical value (q m = 0.183 kg/kg) for this quantity.
The breakthrough curve of the last adsorption step is shown in Figure 4 , which demonstrates that there was satisfactory agreement between the model predictions and the experimental results.
The profiles of the water concentration in the bed pellets at various stages in the process are depicted in Figure 5 indicated on the abscissa of the various plots; z = 0 denotes the top of the bed and z = 0.293 m denotes its bottom. The local water concentration in the adsorbent pellets is denoted on the ordinate axis. In each figure, the profiles are shown for various process times. Figure 5 (a) relates to adsorption in the first cycle. The adsorbent pellets did not contain water at the start of the adsorption process (t = 0), which is consistent with the initial condition expressed in equation (7). After a comparatively short time (ca. 400 s), the pellets at z = 0 became virtually saturated (q m0 = 0.186 kg/kg). At the end of the adsorption step (t = 2100 s), the bottom layer of 220 K. Kupiec et al./Adsorption Science & Technology Vol. 26 No. 3 2008 the bed (0.2 m < z < 0.293 m) had no water content. This is why there was no breakthrough of the bed after the first cycle. Figure 5 (b) depicts the profiles of the water concentration in the bed during adsorption in the second cycle. At the start of the step (t = 0), the adsorbent pellets contained water according to the initial conditions expressed in equation (8). This profile corresponds to the end of the purge step of the first cycle [ Figure 7 (a), t = 2700 s]. At the end of the step (t = 2100 s), a large portion of the bed was saturated with water. However, the adsorption front had not reached the bed end at this time and so the bed was not broken through.
The profiles of the water concentration in the bed during the adsorption step of the third cycle are shown in Figure 5(c) . At the start of the step (t = 0), the adsorbent pellets contained an amount of water corresponding to the end of the purge step of the second cycle [Figure 7(b) , t = 2700 s). At the end of the step (t = 2100 s), almost all the bed was saturated and the adsorption front had reached the bed end and caused bed breakthrough (Figure 4) . Figure 6 (a) relates to vacuum desorption in the first cycle. At the start of the step (t = 0), the water content profile was determined by the initial conditions expressed in equation (10). The water content in the adsorbent pellets decreased with time. The lower the value of the z-coordinate in the bed, the lower the water content in the pellets; the latter arises from the overall pressure drop along the bed. As desorption progresses, the water content profile is flattened because of pressure equalisation along the column. When t > 450 s, there was no change in the water content along the bed length.
The profiles of the water concentration during vacuum desorption in the second cycle are presented in Figure 6 (b). At the start (t = 0), the adsorbent pellets contained the amount of water corresponding to the water content at the end of the adsorption step of the second cycle. The final water concentration profiles after vacuum desorption [Figure 6(a) and (b)] are limited by the maximum allowed water content in the pellet. This maximum corresponds to the process conditions in each step and is equal to q m = 0.104 kg/kg; this results from the gas/liquid equilibrium of water at p = P L = 1197 Pa. It should be noted that where the water content was greater than q m = 0.104 kg/kg at the beginning of vacuum desorption, at the end of this step the water content had decreased to its limiting value.
The water content profiles in the pellets during the purge step of the first cycle are shown in Figure 7 (a). The start of the purge step is described by the initial condition expressed in equation (12) . The water content in the pellets decreased during the purge step, but in the opposite direction to that during vacuum desorption. At any specified moment during purge, the lowest water concentration occurs at the bottom of the bed. During the purge step, the gas phase is enriched with water vapour; this causes the driving force for desorption to be lowered and consequently also a decrease in the process intensity. It should be noted that some water was still retained in the pellets at the bottom of the bed (z = 0.293 m), although the water concentration at the end of the vacuum desorption step was zero. This small amount of water arises from the adsorption of the trace amounts of water present in the ethanol used to purge the bed. As can be seen from Figure 7 (a), this water content did not exceed the equilibrium concentration q m1 = 0.014 kg/kg corresponding to the water concentration in the ethanol.
The water concentration profiles in the pellets during the purge step of the second cycle are shown in Figure 7 (b). The initial profile is defined by the end of the vacuum desorption step of that cycle [Figure 6(b) , t = 900 s]. The small amount of water at the bottom of the bed occupies a slightly larger bed volume (from z Х 0.28 m to z = 0.293 m) than in the purge step of the first cycle. However, this water content is unimportant and does not have a significant influence on the product purity obtained in the next step after the purge (i.e. adsorption). On the basis of Figure  5 (b) and (c), it should be noted that the small amount of water at the bottom of the bed was not reduced during the adsorption steps, so that it did not cause any product contamination. However, account should be taken that if the water concentration in the purge ethanol is above a given concentration level, the bed cannot be regenerated sufficiently (i.e. in industry, the ethanol stream used for purge is a part of the dehydrated ethanol obtained in the adsorption step).
Changes in the water concentration in the bed during the three cycles adsorption-vacuum desorption-purge in the second series of experiments are shown in Figure 8 . The total time of these three cycles was 3 × (3000 + 900 + 2700) = 19 800 s.
It is obvious that after the first cycle the concentration of water did not achieve the level of the equilibrium concentration, q m0 . After the second cycle, however, the concentration reached the equilibrium value. Thus, starting from the second cycle, bed breakthrough was observed. The third cycle was practically identical to the second one and a cyclic steady state was achieved.
There is obviously a difference between these two series of experimental runs. The second series was treated as an additional test. Both series of experiments were described by the same model balance, kinetics and equilibrium equations, but the initial conditions for the particular steps were different. There was a much better opportunity to compare the experimental results with the numerical simulations in the second series, because of the possibility of measuring the water concentration in the pellets after each step.
The good agreement between the experimental results and the computer simulations concerning the second series of experimental runs confirm adequacy of the mathematical model presented in this paper.
CONCLUSIONS
• The good agreement between the experimental results and the calculated values demonstrate that the mathematical model adequately describes the process.
• The model equations for the adsorption and purge steps are readily solved and the numerical calculations do not require much computing time. However, for the variable pressure steps, 222 K. Kupiec et al./Adsorption Science & Technology Vol. 26 No. 3 2008 such as the vacuum desorption step, the numerical calculation procedure becomes much more complicated because of the necessity for iterations. In this case, the computing times are much longer than those for the constant pressure steps.
• The amounts of water desorbed during the vacuum desorption and purge steps are comparable.
• The numerical simulation results enable detailed analysis of each step of the consecutive adsorption-desorption cycles of the ethanol dehydration process.
• The changes in overall pressure in time and space have been taken into account by introducing the momentum balance equation into the process model. These changes have a significant influence on the numerical simulation results, especially in the case of low overall pressures. 
